Translational regulation plays a central role during post-meiotic development of male germ cells. Previous studies suggested that P-element induced wimpy testis like 1 (PIWIL1), a PIWI-interacting RNA (piRNA) binding protein that is critical for sperm development, participates in the maintenance and translational regulation of post-meiotic mRNAs in haploid spermatids. However, how PIWIL1 regulates protein translation remains largely unclear. Using biochemical assays, we show here that PIWIL1 utilizes different domains to interact with post-meiotic mRNAs and Poly-A binding protein cytoplasmic 1 (PABPC1), a general protein translation regulator. PIWIL1 binds 3 -untranslated regions (3 -UTRs) of several spermiogenic mRNAs via its N-terminal domain, whereas its interactions with PABPC1 are mediated through its N-and C-terminal domains in an RNA-dependent manner. Using a heterologous cell system, we analyzed its effects on protein translation via luciferase reporter assay and sucrose gradient sedimentation. It was found that PIWIL1 augments protein translation with PABPC1 in the presence of 3 -UTRs of post-meiotic mRNAs. While both the N-terminal RNA recognition motif (RRM) domain and the central linker region of PABPC1 stimulate translation, only the PIWI Argonaute and Zwille (PAZ) domain of PIWIL1 positively affects translation of reporter mRNAs. Interestingly, the PAZ domain was found absent from polysomal fractions, in contrast to the N-and C-terminal domains of PIWIL1. Taken together, the results suggest that PIWIL1 interacts with various partners using different domains and participates in translational regulation partly through 3 -UTRs. It will be of interest to further explore how PIWIL1 elicit its versatile functions, including translational regulation of post-meiotic mRNAs through intrinsic structural changes and extrinsic signals during mouse spermiogenesis under more physiological settings.
Introduction
Successful spermatogenesis relies on spatial-temporal regulation of gene expression that accommodates the acquisition of phenotypic and functional characteristics of spermatogenic cells when they enter different developmental stages [1] . During spermiogenesis, the last stage of spermatogenesis, haploid spermatids undergo drastic cellular morphogenesis, including chromatin condensation, acrosome formation, and flagella assembly, in order to transform into mature spermatozoa [2] . These cellular morphogenetic changes are tightly controlled by mechanisms that regulate the expression of spermspecific proteins. In mouse, spermiogenesis takes about 14 days, more than one third of the total time of sperm development from spermatogonial stem cells. Abnormality in the development of haploid spermatids that are caused by either intrinsic or extrinsic factors often lead to malformed spermatozoa, which in human is one of the leading causes of male infertility and reproductive diseases [3] .
Previous studies have suggested that both post-transcriptional and translational regulations are crucial for spermatid development across different species [4] [5] [6] . It was estimated that about 4% of the mouse genome are expressed during spermiogenesis and several hundred sperm-specific proteins are synthesized by developing spermatids [7] [8] [9] . Although haploid spermatids first initiate post-meiotic gene expression programs following meiosis [10] [11] [12] [13] , due to the chromatin remodeling and nuclear condensation, gene transcriptional activity is gradually decreased and haploid spermatids rely mainly on translation of stored mRNAs to make up the proteome required for cellular morphogenesis when they enter elongating stage of spermiogenesis [14] . How haploid spermatids regulate mRNA metabolism and protein synthesis is not fully understood.
Messenger RNAs that are synthesized but not translated are often stored in RNA granules, the ribonucleoprotein (RNP) complexes [15] . In haploid spermatids, the chromatoid body (CB), a specific germ cell RNA granule, forms active RNA processing center and plays important roles during post-meiotic germ cell development [16, 17] . It is a singular large granule located adjacent to nuclei of round spermatids. Under electron microscope, the CB appears to be an electron dense globular filamentous network with no membrane bound [18, 19] . Numerous sperm-specific mRNAs are stored in the CB until elongating stage, during which the CB becomes diminished and mRNAs activated [20] . How the CB and its components are regulated during this transition of translational control remains largely elusive. However, numerous RNA binding proteins (RBPs) have been found in the CB, including the general translation regulator PABPC1 and piRNA-binding protein PIWIL1 [21] [22] [23] .
Post-transcriptional regulation of gene expression is regulated by both cis-elements of mRNAs, such as the 5 -and 3 -untranslated regions (UTRs), and trans-acting factors, such as the RBPs. Through specific interactions, they form RNA-protein complexes in order to regulate mRNA metabolism and protein translation. Although not fully characterized, it has been shown that some mRNAs in mouse haploid spermatids possess consensus sequences that mediate the regulatory effects of RBPs during translational repression or activation, such as untranslated open reading frames at the 5 -ends and Y-box protein recognition sequence (YRS) and translational control elements at the 3 -ends [24] [25] [26] . Numerous RBPs are expressed in haploid spermatids, including RNA helicases, small noncoding RNA binding proteins, and "Tudor Royal family" domain containing proteins (Tdrds). Gene-deletion studies in mice have shown that they play detrimental roles during spermatogenesis, involving a wide range of cellular functions, such as the transport and storage of post-meiotic mRNAs, biosynthesis of small RNAs, and repression of retrotransposons [27] [28] [29] [30] [31] [32] . How cis-elements and transfactors coordinate to control the specificity of protein translation in a spatial-temporal manner during spermiogenesis remains to be further explored.
Both PABPC1 and PIWIL1 (also called MIWI) are multifunctional proteins that contain various domains. PABPC1 has been thought to mediate the "mRNA loop" formation via simultaneous binding of 3 -poly(A) sequences and 5 -cap binding translation initiation factor 4G (eIF4G), thus facilitating the translation initiation [33] . Its N-terminus contains four conserved RNA recognition motifs (RRMs) that can bind not only poly(A) signals at 3 -UTRs but also translation regulators and mRNA modifiers, such as PABP interacting proteins (PAIP) and GW182 [34, 35] , hence is also involved in the maintenance of mRNA stability. Numerous proteins containing the poly(A)-binding protein interacting motif (PAM) domain have been shown to bind MLLE motif in the C-terminal domain of PABPC1 and mediate de-adenylation complex formation and miRNA-mediated mRNA degradation [36] .
Mouse male germ cells express three PIWI family members, of which PIWIL1 is specifically expressed in meiotic spermatocytes and post-meiotic spermatids [28, 37] . The canonical functions of PIWI/Argonaute family proteins are small RNA interactions and retrotransposon repression, which can occur at both transcriptional and post-transcriptional levels [38] [39] [40] [41] [42] . In the germline, it is believed that PIWI proteins are important for germ granule formation, germ cell maintenance, and differentiation [43] [44] [45] . Intensive studies in the past years have revealed multifaceted functions of PIWI proteins, including epigenetic modifications and chromatin remodeling [46, 47] . Studies in mice suggested that the N-terminal domain of PIWI proteins contain methylated arginine residues within RA/RG repeats that facilitate their interactions with proteins containing the Tudor domain [48] [49] [50] [51] [52] . Both functional and protein structural studies show that Argonaute/PIWI proteins display a bilobal architecture whose central PAZ domain and C-terminal region containing MID and PIWI domains form N-PAZ and MID-PIWI lobes to interact with 2'-O-methylated 3 -end and 5 -uridine of piRNAs, respectively [53] [54] [55] . However, how the various domains of PIWI proteins are regulated and coordinated in order to fulfill their multivalent functions remains to be fully characterized.
In addition to its roles in piRNA biogenesis and transposon silencing, studies have also found that PIWIL1 and its close homolog PIWIL2 (also called MILI) present in polysomal fractions of mouse testis lysate and form complexes with 5 -cap of mRNAs along with translation initiation factors [56, 57] . High-throughput transcriptomic analyses showed that PIWIL1 directly binds postmeiotic mRNAs along their entire lengths without any identifiable consensus sequence motifs [58] . In consistence with these results, PIWIL1 was suggested to interact with general translation regulator PABPC1 and co-localize with it within the CB [21, 23] , indicating its role in mRNA metabolism and protein translation regulation during spermiogenesis. How PIWIL1 takes part in the process when elongating spermatids start to turn on translation remains to be fully characterized.
In this study, we analyzed the potential roles of PIWIL1 during translation of post-meiotic mRNAs using biochemical methods and heterologous cell systems. The results indicate that PIWIL1 utilizes distinct protein domains to interact with mRNAs and PABPC1.
While its interaction with PABPC1 appears to be RNA-dependent, it can stimulate protein translation of luciferase reporter synergistically with PABPC1 in the presence of 3 -UTRs of post-meiotic mRNAs, suggesting that PIWIL1 may participate in the translational regulation partly through direct interaction with regulatory elements of post-meiotic mRNAs.
Materials and methods

Animals
Adult C57BL/6 mice (2-3 months old) were used for testis dissection, testicular cell fractionation, and testis lysate preparation. Mice were anesthetized with CO 2 and sacrificed by cervical dislocation. Tunica albuginea were removed from extracted testes and spermatogenic cells were dissociated using enzyme digestion method [59] . All animal handling and husbandry were carried out according to the guidelines of IACUC and Guangzhou Institutes of Biomedicine and Health, Chinese Academy of Sciences (Permit Number: 2015006).
Complementary DNA preparation, in vitro transcription, and quantitative RT-PCR Full-length cDNAs of mouse Piwil1 (NCBI accession number NM 021311.3) and Pabpc1 (NM 008774) were cloned from isolated total RNA of mouse testes, using RNA extraction kit (Tiangen, DP419). First-strand cDNA was reverse transcribed using oligo-dT 18 at 42
• C for 1 h with AMV reverse transcriptase (Takara, D6210A).
Complementary DNAs were amplified by PCR using gene-specific primers. PCR mixtures were preheated at 98
• C for 2 min, followed Supplemental Table S1 . 3 -UTR sequences are listed in Supplemental Table S2 . All plasmids were verified using restrictive enzyme digestions and direct DNA sequencing.
To prepare RNA probes used in RNA gel electrophoresis mobility shift assays (RNA-EMSA), DNA fragments encoding 3 -UTRs of Akap3 and Tnp2 from the stop codon (not including) to the poly-adenylation sites, as well as their truncated fragments and two fragments encoding Egfp, were directly amplified from their coding sequences using primers containing T7 promoter and purified using Universal DNA Purification Kit (Tiangen, DP214). 3 -UTRs were in vitro transcribed using T7 RNA polymerase (Takara, D2540) and biotin RNA labeling mix (Roche, 11685597910). RNAs were treated with DNase I (Takara, D2270A) for 30 min at 37
• C in order to remove DNA contamination. In vitro transcribed RNA fragments were then purified with 1 volume of phenol/chloroform and 1/10 volume of HEPES (50 mM, pH 7.5, in DEPC-treated H 2 O). RNAs were precipitated with 1.5 μl glycogen (20 mg/ml) (Fermentas, R0561), 1/10 volume of 3M NaOAc (pH 5.2, in DEPC-treated H 2 O) and 2.5 volumes of 100% ethanol. RNAs were pelleted at 12,000 rpm for 10 min at 4
• C, then washed by 75% ethanol, airdried and dissolved in 20 μl DEPC-H 2 O, and stored at -80
Small RNA piR-1 used in EMSA was in vitro transcribed from DNA fragment containing T7 promoter as described above. The DNA fragment encoding piR-1 was obtained by directly annealing two primers at 50
• C for 10 min and purified using Universal DNA Purification Kit. Primers used are listed in Supplemental  Table S1 . Quantitative RT-PCRs of Firefly and Renilla luciferases mRNAs in 293T cells following the expression of exogenous PIWIL1, PABPC1, or various protein domains were done using total RNAs extracted from cells 48 h post-transfection. Total RNA was extracted with an RNA extraction kit (Tiangen, DP420). Reverse transcription reactions were carried out using oligo-dT 18 primer, followed by quantitative PCR with gene-specific primers using SYBR Premix Ex Taq kit (Takara, RR420A) on a CFX96 Real-Time system (CFX96 Touch, BioRad). Fold changes of luciferases' mRNAs were calculated as Ct Renilla /Ct Firefly and plotted using Excel software. Consensus RNA motifs were analyzed using MEME online software [60] .
Testicular cell fractionation and cell transfection
Fractionation of testicular cells using velocity sedimentation was done according to the method described previously [59] . Briefly, seminiferous tubules dissected from adult C57BL/6 mouse testes were dismantled and cut into small pieces in HyClone DMEM media (Hyclone SH30022.01B) containing 2 mg/ml Collagenase IV (Worthington, A004186-0001) and 5 μg/ml DNase I (Worthington, LK003172), and incubated at 37
• C for 15 min. Trypsin (Worthington, LS003702) was added to a final concentration of 0.5 μg/ml, and incubation continued for 20 min. Brief pipetting was applied to testicular cell suspensions every 5 min during incubation in order to completely dissociate cells. Dissociated cells were filtered through a 70-μm cell strainer, collected, and span down at 1000 rpm for 10 min at room temperature (RT with Spectrophotometer (Nanodrop2000, Thermo Scientific). Co-immunoprecipitation and GST pull-down assays were done essentially according to the procedures described previously [23] . Briefly, mouse testes were dissected and removed of tunica albuginea. Lysates were prepared by homogenizing the cleaned tissue on ice in ice-cold lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100) containing 1X protease inhibitor cocktail (Roche, 18762400) and then rotated for 30 min at 4
• C. The homogenates were centrifuged at 12,000 rpm for 10 min, 4
• C, and the supernatant transferred into a clean tube. For Nuclease S1 (Sigma, N5661) or RNase A (Sigma, R4642) treatment, Nuclease S1 or RNase A was added to the supernatant to a final concentration of 2 and 10 μg/ml, respectively, and incubated for 15 min at RT before coimmunoprecipitation or pull-down assays. The treated supernatants were centrifuged again for 10 min at 13,000 rpm, 4
• C. Treated and untreated supernatants were first pre-cleared with Protein G agarose beads (Genscript, L00209) and then incubated with the antibodies (either anti-PABPC1 or anti-PIWIL1, both at 1:200) by rotating overnight at 4 • C. Normal rabbit IgG (Cell Signaling Technology, 2729S) was used as a control in parallel. Immunocomplexes were then precipitated using Protein G agarose beads for 2 h at 4
• C. Immunoprecipitates were washed five times with ice-cold lysis buffer, collected by brief centrifugation, and dissolved in denaturing sample buffer. SDS-PAGE and western blotting were used to examine proteins. The glutathione agarose beads coupled with GST-fusion proteins were washed in ice-cold lysis buffer five times and incubated with lysates from bacteria expressing His-tagged proteins or mouse testes for 3 h at 4
• C. Glutathione agarose beads or beads coupled with GST tag alone were used as controls in the same manner. Bound proteins were eluted in SDS denaturing sample buffer after washing with lysis buffer five times and subjected to SDS-PAGE and western blotting. Intensities of protein bands were measured using ImageJ software, and relative levels were calculated in Excel. Primary antibodies used in western blotting were as follows: rabbit polyclonal anti-PABPC1 (Abcam, ab21060, 1:3000), rabbit polyclonal anti-PIWIL1 (Abcam, ab12337, 1:300), mouse monoclonal anti-Myc (Abmart, M20002, 1:3000), rabbit polyclonal anti-FLAG (Cell Signaling Technology, 14793S, 1:1000), and mouse monoclonal anti-His (Abmart, M20001, 1:2000). Secondary antibodies used were goat-anti-rabbit IgG (MultiSciences, GAR007, 1:5000) or goat-anti-mouse IgG (MultiSciences, 1:5000) conjugated with HRP. Color reaction was developed using ECL (Beyotime, P0018).
Immunocytochemistry and fluorescent in situ hybridization
Fractionated testicular cells or 293T cells co-transfected with pCMV-Pabpc1-flag and pCMV-Piwil1-myc were fixed with 4% paraformaldehyde in 1X PBS and permeabilized with 0.1% Triton X-100/PBS for 10 min at RT. After washing with 1X PBS, fixed cells were incubated with 2% BSA/PBS for 1 h and then with 1% BSA/PBST (containing 0.01% Triton X-100) containing primary antibodies for 2 h at RT. Cells were briefly washed and incubated with 1% BSA/PBST containing appropriate secondary antibodies. Cell nuclei were stained with 4 , 6-diamidino-2-phenylindole dihydrochloride (DAPI) (0.5 mg/ml, 1:2000) for 10 min. Stained cells were then washed and mounted onto glass slides in 50% glycerol/PBS, and examined using a Confocal Laser Scanning Microscope (CLSM; Leica TCS TS2).
The fluorescently tagged anti-sense oligonucleotide probes for Akap3, Tnp2, and Prm2 were purchased from Ribobio (Lot O1111). Fluorescent in situ hybridization (FISH) was performed using Fluorescent In Situ Hybridization Kit (Ribobio, C10910) following the manufacturer's protocol. 2 μM of each probe was used to stain the fixed cells for 2 h at RT. Following FISH, cells were further subjected to immunofluorescent staining with anti-PIWIL1 antibodies as described above.
Primary antibodies used in immunofluorescent staining were as follows: rabbit polyclonal anti-PABPC1 (Abcam ab21060, 1:1000), rabbit polyclonal anti-PIWIL1 (Abcam, ab12337, 1:200), mouse monoclonal anti-Myc (Sigma, M4439, 1:1000), rabbit polyclonal anti-FLAG (Cell Signaling Technology, 14793S, 1:300). Secondary antibodies used were as follows: goat-anti-rabbit-Alexa 488 IgG conjugate (Molecular Probes, 1:2000) and goat-anti-mouse-Alexa 555 IgG conjugate (Molecular Probes, 1:2000). All antibodies used are listed in Supplemental Table S3 .
RNA gel electrophoresis mobility shift assay 3 -UTRs of Akap3, Tnp2, and Prm2 were in vitro transcribed as described above. RNA-EMSA was carried out using the LightShift Chemiluminescent RNA EMSA Kit (Thermo Scientific, #20158). For each reaction, 4 μg purified proteins were mixed with 0.5 μg biotinlabeled RNA in reaction buffer containing 10 mM HEPES, pH 7.3, 20 mM KCl, 10 mM MgCl 2 , 10 mM DTT, and 0.1 mg/ml tRNA in a total volume of 20 μl. Mixtures were incubated at RT for 30 min. Following incubation, 5 μl of 5X loading buffer were added to the mix and samples were immediately loaded onto 3.5% native polyacrylamide gel (10 ml gel made of 8.27 ml H 2 O, 1.16 ml 29% acrylamide, 0.5 ml 10X TBE, 70 μl 10% ammonium persulfate, and 3.5 μl TEMED). The gel was run for 45 min at 100 V, 4
• C. Separated RNA-protein complexes were transferred to a nylon membrane using a semi-dry transfer apparatus (BioRad) at 15 V for 1 h. The transferred nylon membrane was cross-linked under 254-nm ultraviolet light for 60 s at 120 mJ/cm 2 . The RNA-protein complexes were detected using streptavidin-HRP conjugate and ECL.
Luciferase assay
293T cells were first grown in 96-well plates to ∼50% confluence and transfected with psiCHECK TM -2 dual luciferase reporter plasmids and protein expression vectors. After 48 h, the cells were washed with 1X PBS and then completely dissociated in 150 μl 1X PBS by pipetting up and down. The cells were pelleted in Eppendorf tubes by centrifugation for 3 min at 800 rpm, 4
• C. Cell number was counted using a RBC hemocytometer. The same number of cells was diluted with 1X PBS and distributed into each well of a 96-well white plate, with three replicates for each transfection condition. Alternatively, a germline-origin GC-2spd(ts) cell line was also used in some experiments. Luciferase activities were measured using Dual-Glo luciferase assay system kit (Promega, E2920) according to the manufacturer's protocol. Briefly, cells were lysed with Dual-Glo Luciferase assay reagent. Luminescence of firefly luciferase was measured first after10 min using a Luminometer (VZritas, 9100-002), the reaction was stopped with Dual-Glo stop reagent, luminescence of Renilla luciferase was then measured after 10 min. Ratios of luminescence (Renilla/Firefly) were calculated for each well as the indicators of fold changes of luciferase expression using Excel software. Significances of fold-changes were calculated using two-tailed Student t test. The significance was set as * P < 0.05; * * P < 0.01; * * * P < 0.001.
Sucrose gradient sedimentation
Sucrose gradient sedimentation was done essentially according to the procedures described previously [61] . Briefly, de-capsulated testes from adult CD-1 mice were Dounce-homogenized in hypotonic buffer (5 mM Tris-HCl, pH 7.5, 2.5 mM MgCl 2 , 1.5 mM KCl, 1X protease inhibitor cocktail, EDTA-free, 0.5% Triton X-100, and 0.5% Sodium Deoxycholate) (0.5 ml/testis). For transfected 293T cells, harvested cells were directly lysed in hypotonic buffer (∼2 × 10 7 cells/ml). Lysates were rotated for 30 min at 4
• C and then centrifuged for 15 min at 13,000 rpm, 4
• C. Supernatant (900 μl) was loaded onto a continuous 5-50% sucrose gradient prepared with Gradient Master 108 (BioComp Instrument Inc.) in a 12.5-ml ultracentrifuge tube. Samples were centrifuged for 4 h at 30,000 rpm, 4
• C, using an Optima L-80 XP Ultracentrifuge (Beckman Coulter) with a Ti-60 fixed angle rotor (Beckman Coulter). Fractionated samples were collected manually in Eppendorf tubes at 1 ml per fraction. A 260 was measured for each fraction and values plotted for distribution curves of RNP complexes using Excel software. Four percent of each fraction was subjected to SDS-PAGE and immunoblotted with anti-PABPC1, anti-PIWIL1, or anti-Myc antibodies.
Results
PIWIL1 interacts with PABPC1 in an RNA-dependent manner
We have previously shown that PIWIL1 binds 3 -UTRs of postmeiotic mRNAs and co-localizes with PABPC1 in the CB of haploid spermatids [23] . To analyze whether PIWIL1 interacts with PABPC1 and whether their interactions depend on the RNA species they bind, co-immunoprecipitation and GST pull-down assays were performed with testis lysates in the absence or presence of ribonucleases, followed by SDS-PAGE and western blotting. As shown in Figure 1 , both anti-PABPC1 and anti-PIWIL1 precipitated PIWIL1 and PABPC1, respectively ( Figure 1A and B, top panels). However, when testis lysates were treated with either Nuclease S1 or RNase A, two ribonucleases that have differential activities toward RNA species, before immunoprecipitation, the amount of PIWIL1 or PABPC1 precipitated reduced dramatically. RNase A treatment almost completely eliminated PIWIL1 or PABPC1 in the precipitates ( Figure 1A and B, middle and bottom panels). In contrast, PABPC1 brought down by its own antibody was not affected by ribonucleases (Supplemental Figure S1A) , while in control experiments, only trace amount of PABPC1 could be found when pre-clearing agarose beads or rabbit IgG was used ( Figure 1B ). To confirm these results, PIWIL1 and PABPC1 fused with GST were expressed in E. coli, purified with glutathione-coupled agarose beads, and used to pull down mouse testis lysates (Supplemental Figure S1B) . Consistent with co-immunoprecipitation results, GST-PABPC1 and GST-PIWIL1 could pull down PIWIL1 and PABPC1, respectively, while GST alone showed little nonspecific interactions with target proteins ( Figure 1C and D, top panels) . The amount of proteins pulled down by GST fusion proteins appeared in a dosedependent manner (Supplemental Figure S1C) . Similarly, treatment of testis lysates with either Nuclease S1 or RNase A significantly reduced proteins pulled down ( Figure 1C and D, middle and bottom panels).
It has been suggested that PIWIL1 and PABPC1 may directly interact with each other [21] . In our experiments, small amount of PABPC1 was also seen precipitated by anti-PIWIL1 in the presence of RNase A ( Figure 1B ). To examine whether direct interactions exist between PIWIL1 and PABPC1, we co-expressed PIWIL1-MYC and PABPC1-FLAG in 293T cells. Immunofluorescent staining using antibodies against specific tags showed that both proteins co-localized in the cytoplasm of transfected cells (Supplemental Figure S2A) , while anti-MYC precipitated endogenous PABPC1 when Piwil1-myc was transfected alone (Supplemental Figure S2B) . The direct interactions between PIWIL1 and PABPC1 were further detected using GST fusion proteins with reciprocal His-tagged proteins expressed in E. coli. It was found that PIWIL1 and PABPC1 indeed interacted when they were mixed in vitro (Supplemental Figure S2C and D) . However, the pull-down efficiency appeared lower than using testis lysates. Taken together, these results suggested that although direct interactions exist between PIWIL1 and PABPC1, they mainly interact with each other in spermatogenic cells in an RNA-dependent manner.
Domain-functional analyses of PIWIL1 and PABPC1 interactions
Both PIWIL1 and PABPC1 are multifunctional proteins that can interact with various partners through their different domains. To find out whether PIWIL1 interacts with PABPC1 using different domains, we analyzed the domain-functional relationships between PIWIL1 and PABPC1 using GST pull-down assays. It has been shown that PABPC1 contains four conserved RRMs at its N-terminal region that is responsible for mRNA and protein interactions [62] ; an MLLE domain at its C-terminal region that mediates binding of PAM domain containing proteins [35] . Although no functional roles have been assigned to the central linker region, it encompasses about 179 amino acids with apparently low complexity. PIWIL1 contains a central PAZ domain that has been shown to interact with the 2'-O-methylated 3 -ends of piRNAs, an MID domain, and a PIWI domain at its C-terminal region that form a lobe to facilitate its binding of 5 -ends of piRNAs [54] . Its N-terminal domain of 277 amino acids contains RG/RA repeats that have been shown to interact with Tudor domain and potentially small RNA processing machinery Dicer [48, 49] . According to these structural features, we segregated both PABPC1 and PIWIL1 into three domains using molecular cloning, namely RRM (1-365), PABPC1-L (366-543), and MLLE (544-636) domains for PABPC1 and PIWI-N (1-277), PAZ (278-394), and PIWID (395-862) for PIWIL1, respectively ( Figure 2A ). All domains were fused with GST, expressed and A B Figure 1 . RNA-dependent interactions of PIWIL1 and PABPC1. (A, B) Co-immunoprecipitation of mouse testis lysate. Mouse testis lysates were immunoprecipitated with either anti-PABPC1 or anti-PIWIL1 antibodies, immunocomplexes were separated on SDS-PAGE and blotted with anti-PIWIL1 (A) and anti-PABPC1 (B), respectively. Comparing to untreated samples (top panels), decreasing amounts of proteins were precipitated when Nuclease S1 (middle panels) and RNase A (bottom panels) were used to treat the lysates before immunoprecipitation. Protein G-agarose beads were used to pre-clear the lysates before immunoprecipitation. Normal rabbit IgG was used as controls. (C, D) GST pull-down assays. GST-PABPC1 and GST-PIWIL1 were expressed in E. coli and purified using Glutathione agarose beads. They were used to pull down protein complexes from mouse testis lysates. Pull-down samples were separated on SDS-PAGE and examined with either anti-PIWIL1 (C) or anti-PABPC1 (D). Comparing to untreated samples (top panels), Nuclease S1 (middle panels) or RNase A (bottom panels) treatment of testis lysates decreased the amount of proteins pulled down. GST was used as controls. Numbers indicate relative intensities of proteins bands, of which the input was set as 100.
purified from E. coli ( Figure 2B ). In addition, fusion proteins that contain either the deletion of the MLLE domain of PABPC1 (dM-LLE) or the PAZ domain of PIWIL1 (dPAZ) were also cloned and expressed in 293T cells and used in luciferase assays when we examine the functional roles of truncated proteins in later studies (see below).
Comparing to the GST fused full-length protein, GST-RRM pulled down PIWIL1 from testis lysate in an RNA-dependent manner, while neither GST-PABPC1-L nor GST-MLLE did so ( Figure 2C ), suggesting that PABPC1 interacts with PIWIL1 mainly through its N-terminal RRM domains. Similarly, comparing to the full-length PIWIL1, both GST-PIWI-N and GST-PIWID pulled down PABPC1 in an RNase-sensitive manner ( Figure 2D ). In contrast, GST-PAZ pulled down little PABPC1 with or without ribonuclease treatment, suggesting a negative role of PAZ domain in interacting with PABPC1. We further examined whether various protein domains could mediate direct interactions between PIWIL1 and PABPC1. It was found that, while both GST-PIWI-N and GST-PIWID could pull down His-PABPC1, although at lower efficiency, GST-RRM and GST-MLLE domains showed little interaction with His-PIWIL1. Instead, GST-PABPC1-L appeared to bind PIWIL1 under these conditions (Supplemental Figure S2C and D). Collectively, these results suggested that PABPC1 interacts with PIWIL1 through its conserved RRM domains, while PIWIL1 exerts interactions with PABPC1 through domains at both N-and C-terminal regions mainly in an RNA-dependent manner.
Both PIWIL1 and PABPC1 interact with 3 -UTRs of post-meiotic mRNAs via different domains
Since the interaction between PIWIL1 and PABPC1 appeared to require RNA species bound, in order to find out whether PIWIL1 interacts with mRNAs directly, we first examined the subcellular localizations of target mRNAs and PIWIL1 in haploid spermatids. Round and elongating spermatids were isolated from dispersed mouse spermatogenic cells using gravity sedimentation method [59] . Purified cells were fixed, permeabilized, and stained with fluorescently tagged anti-sense RNA probes, followed by PIWIL1 immunofluorescent staining. Akap3 and Tnp2 mRNAs were chosen as the targets, since their proteins have been shown to express only at elongating stage. As shown in Figure 3A , signals from FISH suggested that both mRNAs were mainly concentrated in the CB of round spermatids (white arrows) and dispersed into cytoplasm of elongating spermatids (arrowheads), coincided with the immunofluorescent signals of PIWIL1. Similar results were obtained when mRNA of Prm2, another post-meiotic gene, was examined (Supplemental Figure S3) . The co-localizations of mRNAs and PIWIL1 suggested that they could interact with each other during the repression or activation of post-meiotic mRNA translation. The complexes formed by postmeiotic mRNAs and PIWIL1 and PABPC1 were further confirmed by RT-PCR performed following GST-PIWIL1 or GST-PABPC1 pulldown of testis lysates, using primers that are specific to the 3 -UTRs of Akap3, Tnp1, Tnp2, Prm1, and Prm2 mRNAs ( Figure 3B ). GST alone did not pull down any mRNAs, as shown by our previous results (Supplemental Figure S4A) . RBPs often regulate translation of mRNAs by binding to their 3 -UTRs. To find out whether PIWIL1 directly interacts with 3 -UTRs of post-meiotic mRNAs, we applied RNA-EMSA. His-PIWIL1 was expressed in E. coli and purified using Ni 2+ -column and mixed with in vitro transcribed biotin-labeled 3 -UTR fragments, ranging from 78 bp to 227 bp in size (Supplemental Table S2 ). The complexes formed were separated by native PAGE and detected by streptavidin-HRP. As shown in Figure 3C , 3 -UTRs from Akap3, Tnp2, and Prm2 could interact with His-PIWIL1 directly, comparing to the recombinant 20-KD His-tag. Small piRNA piR-1 that has been known to bind PIWIL1 formed complexes with His-PIWIL1, but not with GST-PABPC1 ( Figure 3C , right panel). In addition, RNA fragments transcribed from Egfp cDNA sequences showed negative results during EMSA, indicating the specificity of PIWIL1 and PABPC1 toward 3 -UTRs of post-meiotic mRNAs (Supplemental Figure S4B) . Whether there are consensus RNA sequences among the post-meiotic mRNAs serving as protein-binding motifs for PIWIL1 is currently unclear. Using MEME analyses, we observed multiple putative consensus motifs among the selected 3 -UTRs, of which two motifs (motif-2 and 3) are aligned in the similar 5 to 3 direction while other motifs show mixed orders among different genes (Supplemental Figure S4C) . As an attempt to identify the binding motifs for PIWIL1 within 3 -UTRs of post-meiotic mRNAs, we generated truncated versions of RNA fragments from 3 -UTRs of Akap3 and Tnp2, segregating putative motif-2 and 3, and used in the EMSA (Supplemental Figure S4D) . It was found that PIWIL1 could specifically interact with the 3 -half of the 3 -UTRs containing motif-3 (Supplemental Figure S4E) .
We further examined the interactions between protein domains and 3 -UTRs using RNA-EMSA. Both full-length PABPC1 and its RT-PCR of GST pull-down complexes. Mouse testis lysates were used for GST pull-down assays with either GST-PIWIL1 or GST-PABPC1. Protein complexes were then subjected to RNA extraction and RT-PCR, using primers specific to the 3 -UTRs of post-meiotic genes (Akap3, Tnp1, Tnp2, Prm1, and Prm2). All 3 -UTRs examined were detected in the protein complexes pulled down by GST-PIWIL1 or GST-PABPC1. Mouse testis lysates and RNase A treated pull-down samples were used as positive and negative controls, respectively. (C) RNA gel electrophoresis mobility shift assay (RNA-EMSA). In vitro transcribed biotin-labeled 3 -UTRs of Akap3, Tnp2, or Prm2 were mixed with His-PIWIL1 expressed in bacteria. RNA-protein complexes were separated on native polyacrylamide gels and detected using streptavidin-HRP. The 20-KD tag containing His peptide was used as negative controls. EMSA using in vitro transcribed piR-1 showed that the piRNA interacted with PIWIL1, but not PABPC1 (right panel). GST was used as negative control.
RRM domains formed complexes with 3 -UTRs of target mRNAs ( Figure 4A and B, left panels). In addition, the central linker region of PABPC1 could interact with 3 -UTRs of target mRNAs, although to a lesser extend comparing to the RRM domains, while the Cterminal MLLE domain did not show interactions with the 3 -UTRs used ( Figure 4A and B, left panels). Interestingly, the N-terminal domain of PIWIL1 formed complexes with 3 -UTRs of Tnp2 and Akap3 ( Figure 4A and B, right panels), but not the PAZ domain or the C-terminal domain of PIWIL1 (data not shown). Collectively, these results indicate that both PABPC1 and PIWIL1 use different domains to interact with 3 -UTRs of post-meiotic mRNAs. Like the RRM domains of PABPC1, the N-terminal domain of PIWIL1 may be able to interact with both proteins and target mRNAs.
PIWIL1 augments protein translation depending on the 3 -UTRs of post-meiotic mRNAs
To examine if PIWIL1 plays any roles during protein translation of post-meiotic mRNAs, we tested its effects on translation using luciferase reporters in 293T cells. We first deleted the synthetic poly(A) tail contained in the dual luciferase reporter and then replaced it with 3 -UTRs of either Akap3 or Tnp2 ( Figure 5A ). Comparing to the unmodified luciferase reporter, synthetic poly(A) tail was required for Renilla luciferase to express ( Figure 5B ). Since GFP expression did not show any effects on the expression of luciferase (Supplemental Figure S5A ), it was used in combination with either Pabpc1 or Piwil1 during co-transfection in order to control the quantity of transfected plasmids. No change of Renilla luciferase expression was found when luciferase reporter without the synthetic poly(A) tail was transfected with either Pabpc1 or Piwil1 alone or both ( Figure 5C ). However, when 3 -UTR of either Akap3 or Tnp2 was inserted at the 3 -end of the reporter gene, the ratio of luciferase activity was increased by about 2-fold to 2.5-fold when exogenous PABPC1 or PIWIL1 was expressed. Further increases of Renilla luciferase expression were detected when PIWIL1 was co-expressed with PABPC1 ( Figure 5D and E). The changes of luciferase expression were not due to the changes of their mRNA levels, as revealed by quantitative RT-PCR of total RNAs from transfected cell lysates ( Figure 5F ), suggesting that PIWIL1, like PABPC1, positively regulates protein Positive regulators of protein translation are often found in polysomal fractions when cell lysates are subjected to sucrose gradient sedimentation, suggesting their association with actively translating mRNAs. It was shown that PIWIL1 presents in the polysomal fractions on sucrose gradient of mouse testis lysates [56] (Supplemental Figure S6) . To recapitulate its effects on translation in 293T cells, we tested if PIWIL1 would also present in the polysomal fractions when expressed in the heterologous cells. When 293T cells were transfected with either empty vector (pCMV) or Piwil1, endogenous PABPC1 could be seen across all fractions from light RNP complexes to heavy polysomal fractions (Supplemental Figure S7A , top and middle panels). Its presence in the polysomal fractions was disrupted by EDTA treatment of cell lysates prior to sucrose gradient sedimentation (Supplemental Figure S7A and B). Interestingly, PIWIL1 was also detected in polysomal fractions when it was expressed in 293T cells, which were sensitive to EDTA treatment (Supplemental Figure S7A) . These results are in consistence with luciferase reporter assays in that PIWIL1 may participate in translation regulation when expressed in the heterologous system.
Domains of PIWIL1 and PABPC1 have varied effects on protein translation
Since both PIWIL1 and PABPC1 contain multiple domains that interact with various mRNAs or protein partners, we next examined whether PIWIL1 regulates translation using different protein domains. Comparing to the full-length PIWIL1, three domains of PI-WIL1 showed different ribosomal profiles when they were expressed in 293T cells. As shown in Figure 6 , both the N-terminal (PIWI-N) and C-terminal domains (PIWID) of PIWIL1 presented in polysomal fractions following sucrose gradient sedimentation, while the PAZ domain was only found in lighter RNP fractions. Consistently, deletion of the PAZ domain did not affect the distribution of truncated PIWIL1 (dPAZ) on sucrose gradient when expressed in 293T cells ( Figure 6 , Supplemental Figure S8 ). It was found that three domains from PABPC1 also behaved differently on sucrose gradient. While the N-terminal RRM domains were found to associate with polysomal fractions, both the central linker region and C-terminal MLLE domains were only seen in the RNP fractions (data not shown).
Using luciferase assays, we examined the translational effects of various domains of PIWIL1 and PABPC1. Similar to the full-length protein, both the N-terminal RRM domain and the central linker region of PABPC1 increased Renilla luciferase expression in the presence of 3 -UTR from Akap3 ( Figure 7A ). The C-terminal MLLE domain alone did not increase the expression of reporter luciferase, suggesting that the MLLE domain may not have a direct role in stimulating protein translation. In consistence with this, when MLLE domain was deleted from PABPC1, the remaining truncated protein could still induce luciferase expression. Similar results were obtained when using reporter containing 3 -UTR of Tnp2 ( Figure 7B ). When various domains of PIWIL1 were examined in the same system, it Comparing to the reporter expression alone (set as one), both PABPC1 and PIWIL1 were able to increase the ratio of Renilla/Firefly luciferase activity. Synergistic effects can be seen when PABPC1 and PIWIL1 were simultaneously expressed. Shown are representative results of three independent experiments. Significance of changes was set as * * P < 0.01; * * * P < 0.001, two-tailed Student t test. (F) Quantitative RT-PCR of luciferase gene expression. 293T cells were transfected with luciferase reporter plasmids either singly or together with plasmids encoding indicated proteins. Total RNAs extracted from transfected cells 48 h later were subjected to quantitative RT-PCR with luciferase gene-specific primers. RNA from cells that were transfected with only the luciferase reporter plasmids was used as the control. No changes of mRNA expression of luciferase genes were detected.
was found that both N-and C-terminal domains of PIWIL1 had little effects on the expression of reporter luciferase. In contrast, the PAZ domain that is not present in polysomal fractions increased expression of Renilla luciferase to similar extends as the full-length PIWIL1 ( Figure 7D and E). The increases of luciferase expression occurred at the translational level since quantitative RT-PCRs detected no changes in mRNAs of luciferases following transfection (Supplemental Figure S9A-D) . In addition, the positive effects of PAZ domain in translation were observed when GC-2spd cells were used (Supplemental Figure S10) . In order to test if these effects are specific to 3 -UTRs of post-meiotic mRNAs, 3 -UTR from Pou5f1, a gene that is known to specifically express in pluripotent stem cells, was inserted into luciferase reporter at the same 3 -end (Supplemental Table S2 ). As shown in Figure 7C , changes of luciferase reporter expression brought by the presence of 3 -UTR of Pou5f1 when PABPC1 and its three domains were expressed in cells were similar to those of post-meiotic 3 -UTRs, consistent with PABPC1's role as a general translation regulator. However, no changes of luciferase expression could be detected when either full-length PIWIL1 or the PAZ domain were co-expressed ( Figure 7F ). This suggested that the augmentation of luciferase expression by full-length PIWIL1 and its PAZ domain requires 3 -UTRs from post-meiotic mRNAs. Collectively, the results suggested that different domains of PIWIL1 and PABPC1 exert different effects on protein translation.
Discussion
The primary function of PIWIL1 is to monitor retrotransposons and maintain mRNA stability as proposed when it was first discovered [28] . However, several lines of evidence indicate that PIWIL1 may regulate the translation of mRNAs directly. It was found that PI-WIL1, similar to its homologous PIWIL2, presents in polysomal fractions of testis lysates and could associate with 5 -cap complexes and translation initiation factors [56, 57] . High-throughput HITS-CLIP experiments showed that both PIWIL1 and PIWIL2 bind postmeiotic mRNAs directly without the participation of piRNAs [58] .
In support of this, the recent finding that Aubergine, the PIWI homolog in Drosophila, binds 3 -UTRs of numerous germline mRNAs and regulates their translation in both germline stem cells and differentiated progenies further enhances the notion that PIWI/Argonaute proteins also regulate the germline development at the level of protein translation [63] . Consistently, data presented here suggest that PIWIL1 stimulates translation of luciferase reporter in the presence of 3 -UTRs of post-meiotic mRNAs, eliciting synergistic effects on protein translation when co-expressed with PABPC1 in heterologous cells ( Figure 5 ). It has recently been suggested that PIWIL1 is degraded by APC/C (anaphase-promoting complex/cyclosome) mediated ubiquitin-proteasome system during late spermiogenesis in a piRNA-dependent manner, and binds RNF8 histone ubiquitin ligase directly in order to facilitate protamine-histone exchange [64, 65] . These events occur mostly in elongated spermatids when some of the post-meiotic mRNAs have already started translation [23, 66] . It will be of interest to find out how PIWIL1 participates in the regulation of mRNA translation through piRNA-independent mechanisms during spermiogenesis. Although direct interactions could be detected between PIWIL1 and PABPC1 (Supplemental Figure S2) , their interactions appear to mostly occur in an RNA-dependent manner (Figures 1 and 2 ). One possibility is that mRNAs are able to induce allosteric changes in protein structure in order to facilitate a more stable interaction. Cooperative interactions between RNAs and proteins have been shown not only for PIWI proteins during piRISC (piRNA induced silencing complex) formation but also for some of the RBPs mentioned before. For example, structural analyses showed that conformational changes occur when piRNA precursors are loaded onto PIWI proteins [54, 67, 68] ; PABPC1 utilizes poly(A) signals to better incorporate into initiation complex [33] ; and the interaction of HP1a and PXVXL motif at the N-terminus of PIWIL1 is also RNA-dependent [40] . In the same vein, it has been known that post-translational modification of proteins can regulate the efficacy of protein interactions. Methylation of arginine residues in the RA/RG repeats at N-terminal end of PIWIL1 has been shown important for its interaction with Tudor proteins, which are involved in the CB organization and transposon silencing [27, 48, 49] . It is not clear whether this is also required for translation regulation. In addition, modification of RNA species, including piRNAs and mRNAs, could add another layer of regulation during the formation of protein-RNA complexes. Post-transcriptional modification of mRNAs via testisspecific polyadenine polymerase PALOPB/TPAP has been shown to be critical for spermiogenesis [69] . Whether there are signaling pathways responsible for modulating the interacting properties of mRNAs with PIWIL1 and PABPC1 during spermiogenesis remain to be further explored. The RNA-dependent interaction of PIWIL1 and PABPC1 provides potential mechanisms by which PIWIL1 regulates the translation of post-meiotic mRNAs.
In consistence with this, PIWIL1 was found in polysomal fractions of cell lysates when it was expressed in 293T cells, similar to what has been described for PIWIL1 from testis lysates, supporting the role of PIWIL1 in translation regulation. One possibility is that PIWIL1 could associate with translational machinery through endogenous PABPC1. PABPC1 facilitates the formation of active mRNA loop structure during translation initiation, which may be monitored by PAIP2A, potentially preventing the inhibitory effect of excessive free PABPC1 in spermatids [34] . The lack of The MLLE domain of PABPC1 appeared to have no effect under the similar conditions. Deletion of MLLE domain from the full-length protein (dMLLE) also increased the ratio of luciferase activities, comparing to the control. Domains of PABPC1 showed the similar effects on luciferase expression when 3 -UTR of Pou5f1 was inserted into the reporter (C). (D-F) Translational effects of domains from PIWIL1. Luciferase reporters containing 3 -UTRs of Akap3 (D) or Tnp2 (E) were co-transfected with plasmids encoding PIWIL1 and its various domains. While the full-length PIWIL1 was able to increase the ratio of Renilla/Firefly luciferase activities, the PAZ domain of PIWIL1 also increased the ratio of luciferase activity. No change in the ratios was observed when the N-terminal (PIWI-N) or the C-terminal (PIWID) domain of PIWIL1 was co-expressed in 293T cells with the reporter plasmid. Deletion of the PAZ domain (dPAZ) diminished the translation effect of PIWIL1. When 3 -UTR of Pou5f1 was inserted into the reporter and tested in the luciferase assay with PIWIL1 domains, unlike the 3 -UTRs of post-meiotic mRNAs, no effects were detected for either PIWIL1 or the PAZ domain (F). Shown are representative results of three independent experiments. Significance of changes was set as * * P < 0.01; * * * P < 0.001, two-tailed Student t test.
PAIP2A in heterologous cells could omit this regulatory step and allow PIWIL1's effects to be detected. How PIWIL1 associates with translation active mRNAs is currently unclear. However, results from analyses using testis lysates indicated that PIWIL1 has different sedimentation properties comparing to Maelstrom, a RBP involved in piRNA biogenesis [70] , and increases its distribution in polysomal fractions when spermatids enter elongating stage [56] .
RBPs often bind to consensus sequences that reside within mRNAs, including the 5 -, 3 -, and sometimes CDS (coding sequences) regions. This makes it possible that one RBP can regulate a set of mRNAs that contain the similar regulatory cis-elements. For post-meiotic mRNAs, some consensus sequences at 3 -UTRs, including YRS, have been functionally related to their maintenance and translation [24, 26] . However, regulatory cis-elements within mRNAs for PIWIL1 are yet to be identified [58] . The recent study on Aubergine suggested some potential conserved motifs within 3 -UTRs of Aubergine-binding mRNAs. Their functional roles remain to be tested [63] . In our study, MEME analyses revealed consensus motifs within 3 -UTRs of several post-meiotic mRNAs, of which PIWIL1 showed different preferences during initial EMSA analysis (Supplemental Figure S4 ). Although only a few representative 3 -UTRs were used in this study, similar approach could be applied to RNA databases from spermatogenic cells in order to further determine whether these consensus cis-elements are contained in a broader range of post-meiotic mRNAs that require functions of PIWIL1.
How PIWI proteins accomplish their versatile functions through various domains remains to be fully characterized. The results presented here indicate that PIWIL1 and PABPC1 use different domains to interact with mRNAs and proteins. Interestingly, the PAZ domain of PIWIL1 showed positive effect on protein translation in both 293T and GC-2spd cells ( Figure 6 ). It is possible that the PAZ domain could interact with negative regulators of protein translation, including both RNA species and protein factors. Expression of the PAZ domain could bind to and sequester these negative factors on translation and in turn facilitate the expression of proteins, using mechanisms similar to that of PAIP2A. Alternatively, PIWIL1 binds to mRNAs and interacts with protein quality control mechanisms during translation, which could be removed when the PAZ domain is overexpressed. This would reduce the quality control of nascent polypeptides but increase the production of proteins. It will be of interest to find out if the PAZ domain would increase the overall translation rate in transfected cells and change the fidelity of nascent polypeptides. On the other hand, the presence of N-and C-terminal domains in the polysomal fractions suggested that they are associated with translating mRNAs, probably through direct interactions with mRNAs ( Figure 4 ) or translation regulators, such as PABPC1 ( Figure 2D ). This is in consistence with the role of PIWIL1 in maintenance of mRNA stability and also suggests that both domains do not stimulate protein synthesis themselves. The recently solved crystal structure of PIWI homolog in silkworm Bombyx mori, SIWI, provides a perfect testing ground for the study of potential modulation of different domains of PIWIL1, in which the bilobal structure formed by the N-and C-terminal regions flanking the PAZ domain leaves the PAZ domain with a largely exposed surface area [54] .
Translation regulation requires coordinated functions of both RBPs and mRNAs. Numerous RBPs elicit regulatory functions on post-meiotic mRNAs during spermiogenesis, the critical stage of sperm development that has not been fully understood. Understanding the regulatory modes of these RBPs would provide insights into how they regulate the functional states and physiology of spermatogenic cells and provide more unifying views of underlying mechanisms. The results presented here provide potential basis to further explore the molecular mechanisms by which PIWIL1 regulates gene expression during mouse spermatogenesis. It will be of interest to further exploit the heterologous cell system in parallel with mouse models in order to uncover the mechanisms by which PIWIL1 elicits its physiological functions.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Interactions of PABPC1 and PIWIL1 in mouse testis. (A) Immunoprecipitation of PABPC1. Testis lysates were directly subjected to immunoprecipitation with anti-PABPC1 antibody, or treated with either Nuclease S1 or RNase A first.
Supplemental
No changes of PABPC1 in the precipitates were seen when lysates were treated with RNases. Testis lysates were pre-cleared with Glutathione agarose beads before immunoprecipitation. Normal rabbit IgG was used as the negative control. (B) Expression of recombinant proteins in E. coli. Left panel: Coomassie blue staining of mouse testis lysate and GST fusion proteins. GST-PABPC1 is indicated with asterisk. Right panel: Purified recombinant PIWIL1 tagged with either His (∼20 KD) or GST (∼26 KD) was examined by western blotting using anti-PIWIL1 antibody during purification steps. Bound resins and eluted protein samples were run on SDS-PAGE. (C) GST pull-down assays. GST-PABPC1 and GST-PIWIL1 were used to pull down mouse testis lysates. Increasing amounts of PIWIL1 (top panel) and PABPC1 (bottom panel) could be detected with increasing amount of testis lysates when they were incubated with the same amount of fusion proteins. GST alone was used as negative controls. Supplemental Figure S2 . Direct interactions between PIWIL1 and PABPC1. (A) Co-localization of PIWIL1-MYC and PABPC1-FLAG in 293T cells. 293T cells were co-transfected with plasmids encoding PIWIL1-MYC and PABPC1-FLAG simultaneously. Cells were then immuno-stained with anti-MYC and anti-FLAG. Shown is a merged image of confocal laser scanning microscopy. Red: anti-MYC; Green: anti-FLAG; Blue: DAPI staining of cell nuclei. Scale bar: 20 μm. (B) Co-immunoprecipitation of 293T cells. 293T cells transfected with plasmid encoding PIWIL1-MYC were lysed and subjected to immunoprecipitation with either anti-PABPC1 or anti-MYC antibody. Precipitates were separated on SDS-PAGE and blotted with anti-PABPC1. Normal rabbit IgG was used as the negative control. (C, D) GST pull-down assays. GST fusion proteins of fulllength PIWIL1, PABPC1, and their various domains were expressed in E. coli and used to pull down bacterially expressed His-PABPC1 (C) or His-PIWIL1 (D), respectively. Both full-length proteins could interact with each other directly in the pull-down assays. The N-and C-terminal domains of PIWIL1 could interact with PABPC1, while the central linker region of PABPC1 (PABPC1-L) was also found to interact with PIWIL1 under this condition. GST protein alone was used as the negative control. Numbers indicate relative intensities of proteins bands, of which the input was set as 100. Supplemental Figure S3 . Co-localization of Prm2 mRNA and PIWIL1 in haploid spermatids. Round spermatids (RS) and elongating spermatids (ES) were isolated and immuno-stained with fluorescently tagged anti-sense RNA probes and anti-PIWIL1 antibody. Co-localization of Prm2 mRNA and PIWIL1 could be seen in the CB of round spermatids (arrows) and in the cytoplasm of elongating spermatids (arrowheads). Shown are representative images from confocal laser scanning microscopy. A cell line derived from mouse male germline was used to test the translation effects on luciferase reporters. Both PABPC1 and PIWIL1 could similarly increase the ratio of luciferase activities. Shown are representative results of three independent experiments. Significance of the fold changes comparing to the reporter transfection alone was calculated by two-tailed Student t test; levels of significance were set as * P < 0.05; * * P < 0.01 and * * * P < 0.001. showed similar effects as those found in 293T cells. Shown are representative results of three independent experiments. Significance of changes was set as * P < 0.05; * * P < 0.01 and * * * P < 0.001, two-tailed Student t test. Supplemental Table S1 . Primers used for cDNA cloning. Supplemental Table S2 . Sequences of 3 -UTRs. Supplemental Table S3 . Antibodies used.
